Abstract Catalytic abatement of solutions of 1,000 mg/L in phenol, ortho and para nitrophenol and ortho and para cresols was acomplished by using two catalytic systems. Fenton's reagent was used at 50 8C by adding 10 mg/L of ferrous cation and different dosages of H 2 O 2 . The mixture was reacting isothermically in a batch way during 3 hours. Catalytic wet oxidation (CWO) was carried out by using a commercial Activated Carbon, Industrial React FE01606A, CWO runs were carried out in a fixed bed reactor (FBR) with concurrent upflow. Temperature and oxygen pressure of the reactor were set to 160 8C and 16 bar, respectively. While phenols are quicky oxidised by the Fenton reagent higher mineralisation was obtained in the CWO process.
Introduction
Phenol (PhOH) is a typical pollutant from the petrochemical, chemical and pharmaceutical industries, toxic to the aquatic environment and non-biodegradable, and it has been frequently used as a model pollutant in the literature. Among the technologies capable of removing this compound from wastewater, Fenton's reaction, FR (Bigda 1995; Esplugas et al., 2002; Kang et al., 2002; Zazo et al., 2005) and catalytic wet oxidation, (CWO) (Pintar et al., 1997; Matatov-Meytal and Sheintuch 1998; Masende et al., 2003; Santos et al., 2006) can be considered. While phenol has been widely used in studies employing both processes, only little data are available for other substituted phenols. However, the term phenols includes not only simple phenol but the mixture of phenolic compounds such as nitrophenols and cresols commonly found in several industrial wastewaters (Takahashi et al., 1994; Rajkumar and Palanivelu, 2003) .
Fenton's reagent has been lately used in the oxidation of nitrophenols (Ma et al., 2000; Kavitha and Palanivelu, 2005a) and cresols (Kavitha and Palanivelu, 2005b) . Catalytic wet oxidation of nitrogen-containing organic compounds have been studied recently by Oliviero et al., 2003 , and catalytic wet oxidation of o-cresol has been analysed by Suarez Ojeda et al., 2005. However, while the pollutant conversion achieved has been chosen to prove the efficiency of the process, little attention has been paid to other important issues such as mineralisation and the achieved detoxification. This is an important aspect if toxic intermediates are produced.
In this work, PhOH, o-cresol (oC), p-cresol (pC), o-nitrophenol (oNP) and p-nitrophenol (pNP) conversion and mineralisation as well as the toxicity of the samples after reaction have been measured. Results obtained with different pollutants and catalytic systems; Fenton's reagent and catalytic wet oxidation have been compared. The reactivity of the pollutants and their intermediates is analysed for both oxidation technologies: Fenton reagent and oxygen þ heterogeneous activated carbon. A typical value of the initial pollutant concentration (1,000 mg/L) has been selected in all runs.
The catalytic wet oxidation has been carried out by using a commercial activated carbon previously selected (Santos et al., 2005) . This catalyst was active and stable in the phenol oxidation. No impregnation of an active phase was required. Therefore, deactivation phenomena by leaching and fouling were avoided.
Methods
Fenton's reactions (FR) have been carried out by adding different amounts of hydrogen peroxide to an aqueous solution containing 1,000 mg/L of the phenolic pollutant. Taking into account the maximum concentration of iron cation legislated for the discharge of industrial wastewaters in the region of Madrid (Spain), an amount of 10 mg/L of Fe 2 þ was selected to carry out the Fenton runs. In this way, a further step of iron elimination and/or recovery is avoided. The concentration of H 2 O 2 has been varied in the range 500-5,000 mg/L. Depending on each pollutant this dose corresponds to 10 -150% approximately of the stoichiometric dose required for the total mineralisation of the pollutant. Reaction has been carried out in a batch way at 50 8C for 3 hours. The pH and oxidation -reduction potential were measured during the runs by means of a pH and ORP electrodes, respectively.
CWO has been studied in a three-phase fixed bed reactor (FBR) by feeding an aqueous solution of 1,000 mg/L on each pollutant concurrently with a gaseous oxygen flow. The catalyst employed was a commercial activated carbon (Industrial React FE01606A) supplied by Chemviron Carbon, used in a previous work (Santos et al., 2005) . Temperature and oxygen pressure at the reactor were set to 160 8C and 16 bar, respectively. The catalyst weight to liquid flowrate ratio (W/QL) was varied from 0.15 to 32.3 g min/mL. A scheme of the experimental set-up is shown in Figure 1 . At the operational conditions employed, the steady state for the outlet composition of the reactor was achieved in the first 40 hours of operation when fresh catalyst is placed in the reactor. For consecutive runs the time required to reach the steady state is about 10-20 hours. Liquid samples were periodically drawn and analysed.
The pollutant conversion was quantified by HPLC (Hewlett-Packard, mod. 1100) using a diode array detector (HP G1315A); Chromolith Performance column (monolithic silica in rod form, RP-18e 100-4.6 mm) was used as the stationary phase; a mixture of acetonitrile, water and a solution of 3.6 mM H 2 SO 4 in the ratio 5/90/5 (v/v/v) was used as the mobile phase. The remaining organic content (TOC) was measured with a Shimadzu TOC-V CSH analyser by oxidative combustion at 680 8C, using an infrared detector. Organic acids were analysed by ionic chromatography (Metrohm, mod. 761 Compact IC) using a conductivity detector; a column of anion suppression Metrosep ASUPP5 (25 cm long, 4 mm diameter) was used as the stationary phase and an aqueous solution of 3.2 mM Na 2 CO 3 and 1 mM NaHCO 3 as the mobile phase, at a constant flow rate of 0.7 mL/min 21 . The toxicity of the liquid samples after treatment was determined by means of a bioassay following the standard Microtox test procedure (ISO 11348-3, 1998) using a Microtox M500 Analyser (Azur Environmental) based on the decrease of light emission by Photobacterium phosphoreum resulting from its exposure to a toxicant. More details for toxicity measurements are given elsewhere (Santos et al., 2006) .
Results and discussion the end point of the runs was established from the oxidation-reduction potential and pH variation with time. Reaction times of 3 hours ensured that both (pH and ORP) reach asymptotic values, indicating that the oxidation run has stopped. These asymptotic ORP and pH values correspond to an asymptotic value of the TOC with time. As can be seen in Figure 2 , high conversion of phenols (nearly the unity) are obtained even at low concentrations of H 2 O 2 . In contrast, the mineralisation achieved shows firstly a linear increase with the H 2 O 2 concentration increase reaching an asymptotic value for H 2 O 2 doses of 40%, approximately. Thus, phenols are oxidised faster than their organic intermediates (Al-Hayek and Dore 1985). Moreover, if the Fenton's reagent is used no differences are noticed between phenols as can be also seen in Figure 2 . The asymptotic mineralisation reached indicates that the excess of H 2 O 2 (respectively the 40%) is not effective in the oxidation of these organic intermediates. This could be due to the complexation of iron cation with the intermediates, stopping the radical OHS generation by H 2 O 2 .
The existence of these stable complexes modifying the availability of Fe 2 þ have been previously postulated in the literature (Kang et al., 2002) . Thus, higher ratios of initial Fe 2 þ to pollutant concentration than employed here would be required to achieve higher mineralisation values. However, this will make an additional metal recovery step necessary.
The toxicity units obtained in the runs carried out by using the Fenton's reagent were measured by the Microtox bioassay shown in Figure 3 . As can be seen, at the initial stages of the PhOH and o-C oxidation a remarkable increase of toxicity occurs while only a slight increment of the toxicity units is produced in the CWO of p-C. In contrast, the toxicity units of the liquid samples with o-NP and p-NP as pollutants remain almost constant with the pollutant conversion. The toxicity units profile can be explained by the intermediates produced by the oxidation of these pollutants. For PhOH oxidation, the intermediates measured were hydroquinone (HQ), catechol (CTL) and short-chain organic acids. When o-C was used as the pollutant, methylhydroquinone (MeHQ), 3-methylcatechol (3-MeCTL) and short-chain organic acids were identified and quantified. For p-C oxidation the intermediates measured were 4-hydroxybenzyl alcohol (4-BZOL), 4-hydroxybenzaldehyde (4-BZAL), 4-methylcatechol (4-MeCTL), and short-chain organic acids. For p-NP and o-NP oxidation, only short-chain organic acids were identified and quantified. The effective nominal concentrations (EC50) of pollutants and oxidation intermediates, defined as the effective nominal concentration of toxicant (mg/L) that reduces the intensity of light emission by 50%, were previously determined and values obtained are given in Table 2 . As can be seen, dihydroxylbencene intermediates such as HQ and CTL (obtained in the PhOH oxidation) and 3-MeCTL and MeHQ (found in the o-C oxidation), are more toxic than the original pollutants. The concentration evolution of these particularly toxic intermediates obtained in the phenol and o-cresol oxidation runs vs. the H 2 O 2 employed in the Fenton's reagent is showed in Figure 4 . It can be noticed that the remarkable toxicity rise observed at low concentrations of H 2 O 2 corresponds to the formation of these dihydroxylbencene intermediates. The toxicity decreases when these intermediates are further oxidised. 
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Results obtained in the catalytic wet oxidation of phenol and substituted phenols for pollutant conversion and mineralisation are shown in Figure 5 vs. the ratio catalyst weight (W) to liquid flow rate (QL). In Figure 5a are plotted the results for phenol and nitrophenols and Figure 5b shows the corresponding values obtained with cresols.
As can be seen, the oxidation rate of o-C and p-C is slightly higher than that obtained for PhOH, and the oxidation rate of o-NP and p-NP is slower than that obtained for PhOH and cresols. Because of this, p-C and o-C and PhOH are more reactive towards the catalytic wet oxidation than are o-NP and p-NP themselves.
A higher mineralisation is achieved by using CWO than obtained in Fenton runs in Table 1 . That means that the CWO quickly oxidises the organic intermediates being closer to pollutant conversion and mineralisation than obtained with the Fenton reagent at the conditions employed. The evolution of toxicity with the oxidation progress in the CWO runs is shown in Figure 6a . As can be seen in Figure 6 , at the initial stages of the CWO of o-C and p-NP a remarkable increase of toxicity occurs in addition to that noticed for PhOH oxidation while only a slight increment of the toxicity units is produced when o-NP is used as the pollutant. As can be seen in Figure 6b , this is due to the intermediates containing hydroquinone or p-benzoquinone structures that are obtained: HQ and benzoquinone (BQ) in the PhOH oxidation; Me-HQ, methyl-benzoquinone (Me -BQ)and Me-CTL in the o-C oxidation; HQ and traces of 4-Nitrocatechol (4-NCTL) in p-NP oxidation. These intermediates are more toxic than the original pollutant, as can be deduced from EC50 values in Table 2 . In contrast, the toxicity units of the liquid samples with p-C as the pollutant always decrease with p-C conversion increase.
The increase of toxicity observed at the CWO of p-NP, not noticed in the Fenton runs, is due to the lower conversion of the pollutant obtained in CWO that allows the detection of the first toxic intermediates from p-NP such as HQ and 4-NCTL.
Conclusions
Fenton's reagent has been found to be very efficient in the abatement of phenol and substituted phenol oxidation. However, higher mineralisations would require a higher dosage of Fe 2 þ than regulated for the direct discharge of the treated wastewater. The asymptotic mineralisation achieved with the H 2 O 2 increase can be explained by the role of some organic intermediates in the Fe-redox cycle having an iron scavenging effect. CWO gives higher mineralisation values being closer the pollutant conversion and mineralisation profiles. However, the elimination of nitrophenols occurs at a low rate and high temperatures would be required for their total abatement. The results obtained suggest that an integration of both processes: Fenton's reagent, with a low H 2 O 2 dosage, followed by CWO would increase the efficiency of the process. This will be the subject of further research.
